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a b s t r a c t
The temporal intensity contrast of high-power lasers based on optical parametric ampliﬁcation (OPA)
can be limited by parametric ﬂuorescence from the non-linear gain stages. Here we present a
spectroscopic method for direct measurement of unwanted parametric ﬂuorescence widely applicable
from unseeded to fully seeded and saturated OPA operation. Our technique employs simultaneous
spectroscopy of ﬂuorescence photons slightly outside the seed bandwidth and strongly attenuated light
at the seed central wavelength. To demonstrate its applicability we have characterised the performance
of a two-stage picosecond OPA pre-ampliﬁer with 2.8105 gain, delivering 335 μJ pulses at 1054 nm.
We show that ﬂuorescence from a strongly seeded OPA is reduced by 500 from the undepleted to
full pump depletion regimes. We also determine the vacuum ﬂuctuation driven noise term seeding this
OPA ﬂuorescence to be 0.770.4 photons ps1 nm1 bandwidth. The resulting shot-to-shot statistics
highlights a 1.5% probability of a ﬁve-fold and 0.3% probability of a ten-fold increase of ﬂuorescence
above the average value. Finally, we show that OPA ﬂuorescence can be limited to a few-ps pedestal with
3109 temporal intensity contrast 1.3 ps ahead of an intense laser pulse, a level highly attractive for
large scale chirped-pulse OPA laser systems.
Crown Copyright & 2014 Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction
Optical parametric chirped pulse ampliﬁcation (OPCPA) is a
rapidly developing area of ultrashort laser technology with the
potential to simultaneously increase the pulse energy and band-
width in addition to the enhancement of the temporal intensity
contrast (the ratio of optical noise or pre-pulse to the primary laser
pulse peak intensity) when compared to gain-storage chirped-
pulse ampliﬁcation systems [1]. For high peak-power experiments,
using focussed laser intensities of 41019 W=cm2, a temporal
intensity contrast of 4108 is highly desirable to avoid unwanted
perturbation of a fragile target or pre-plasma formation before the
arrival of the main pulse. For laser systems adopting the OPCPA
architecture, spontaneous parametric ﬂuorescence of phase-
matched signal and idler pairs in the presence of a strong pump
pulse in the optical parametric ampliﬁers (OPA) is an important
source of incoherent noise. The generation and further ampliﬁca-
tion of ﬂuorescence can be modelled semi-classically as zero-point
ﬂuctuations of the electromagnetic ﬁeld [2] contributing an initial
seed term to the OPA process that is then ampliﬁed in parallel with
the main laser seed. This ﬂuorescence typically forms a pedestal of
similar duration to the OPA pump pulse around the primary pulse
and is frequently reported to be the main contrast limitation in
many OPCPA systems [3–6].
Previous research has reported on methods to reduce the contrast
degrading effects of parametric ﬂuorescence, such as limiting the gain
per non-linear ampliﬁer [7] or the use of OPCPA pre-ampliﬁcation
with shorter seed and pump durations to conﬁne the ﬂuorescence
within a smaller time window [8]. The temporal contrast character-
isation of high peak-power lasers is typically performed using a third-
order autocorrelator [9], which are able to provide high dynamic range
(41010) measurements that can distinguish between optical noise
ahead of or behind the primary pulse. However, observation of
parametric ﬂuorescence with a third-order autocorrelation will con-
tain many other sources of noise (e.g. from grating scatter or
incomplete recompression due to high-order phase effects), as the
diagnostic needs to be placed after the short-pulse compressor to
properly resolve the ﬂuorescence. Additional ampliﬁer stages may also
be required to generate sufﬁcient intensity for efﬁcient operation of
the non-linear processes used in an autocorrelator, which will
contribute their own noise terms. As a result, empirical measurements
of the behaviour of parametric ﬂuorescence from unseeded to fully
seeded OPA operation have not been reported to date in the literature.
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Measuring the unseeded ﬂuorescence is a common method of
characterisation that assumes that less ﬂuorescence will be gen-
erated when in competition with the ampliﬁcation of the primary
laser seed. [5,10,11]. Dorrer et al. presented a high-contrast OPCPA
pre-ampliﬁer system, generating energies of  100 μJ with
o20 μJ of ﬂuorescence in an unseeded mode of operation, where
the primary laser seed is blocked and the non-linear crystals were
still optically pumped [5]. A ﬂuorescence contrast of 104 was
observed in the fully seeded mode using a third-order autocorre-
lator. However, the physical mechanisms responsible for the
discrepancy in the ﬂuorescence intensity between these two
modes of operation were not explored.
We present a simple technique to determine the parametric
ﬂuorescence contrast produced from a seeded OPA process by
measuring the spectral intensity of ﬂuorescence that lies slightly
outside the full bandwidth of the seed. We demonstrate its ability
to measure and distinguish the parametric ﬂuorescence intensity
simultaneously with the OPA signal for the full range of unseeded
to strongly seeded operation. The experimental determination of
the noise term found in the OPAs and its mechanism of ampliﬁca-
tion will be of beneﬁt to modelling OPCPA system performance
and in assessing the potential impact of parametric pre-pulse in
high-intensity laser–matter interaction experiments.
2. Experiment setup
2.1. OPCPA laser
The OPCPA system used to demonstrate the measurement and
characterisation of parametric ﬂuorescence in a seeded OPA
process (Fig. 1) is similar to the designs reported by Dorrer et al.
[5] and Musgrave et al. [8]. A master oscillator producing 3 nJ,
250 fs transform-limited pulses centred at 1054 nm provides both
the short-pulse seed and a source for the generation of optically
locked pump pulses of up to 2.2 mJ, 6 ps for two picosecond-
regime OPAs (termed ps-OPA here for clarity) operating near
degeneracy using beta barium borate (BBO) as the non-linear
media. A non-collinear angle of 0.61 between the seed and the
pump allows spatial separation of the signal, idler and pump
pulses after ampliﬁcation. These ps-OPA stages produce 335 μJ of
ampliﬁed signal from a 1.2 nJ seed that is pre-stretched to 1.25 ps
with four-passes of a 30 cm H-ZF7LA glass block. Optimal energy,
bandwidth and stability are achieved when each stage saturates
the available pump energy at the temporal intensity centre.
Beyond this point, further ampliﬁcation will result in back-
conversion of energy from the signal to the pump, which is
monitored with a spectrometer.
The ampliﬁed signal is then stretched again to 1.6 ns in a
reﬂective Öffner grating system and used to seed a pair of
nanosecond-regime OPAs (ns-OPA) to produce a 20 mJ seed for
an Nd:Glass power ampliﬁer chain. The details of the ps-OPA
design and operation have previously been reported [12]. The
main system parameters of the ps-OPAs we investigate here are
presented in Table 1.
The ampliﬁers have been designed to reduce contrast
degradation from parametric ﬂuorescence by ensuring the seed
pulse overﬁlls the spatial proﬁle of the pump, while the
temporal proﬁle is optimised to provide a balance between
bandwidth enhancement and energy extraction from the
pump [12]. Each stage is single-passed to avoid pre-pulse
generation from stray reﬂections, with spatial ﬁltering
between the stages to eliminate wide-angle propagation of
parametric ﬂuorescence.
Table 1
Key operating parameters of the ps-OPA stages used for the parametric ﬂuorescence characterisation. Pulse bandwidth, duration and diameter are quoted as full-width at
half-maximum unless otherwise stated.
Crystal OPA Stage 1 (OPA1) OPA Stage 2 (OPA2)
6.5 mm BBO (Type I) 2 mm BBO (Type I)
Seed Pump Signal Seed Pump Signal
Wavelength 1054.5 nm 526.5 nm 1054 nm 1054 nm 526.5 nm 1054 nm
Bandwidth 4 nm 0.5 nm 5.9 nm 5.9 nm 0.5 nm 8.7 nm
Energy 1.2 nJ 230 μJ 20 μJ 20 μJ 1.82 mJ 335 μJ
Duration 1.25 ps 6 ps 1.8 ps 1.8 ps 6 ps 2.6 ps
Diameter 820 μm 870 μm 850 μm 1.8 mm 1.1 mm 1.3 mm
Diameter (1/e2) 1.7 mm 1.7 mm 1.65 mm 2.7 mm 2.2 mm 1.8 mm
Peak Intensity 130 kW/cm2 4.2 GW/cm2 1.3 GW/cm2 0.3 GW/cm2 200 GW/cm2 6.3 GW/cm2
Fig. 1. Simpliﬁed setup of the OPCPA laser frontend. ‘PF Diag’ indicates where the unseeded and seeded parametric ﬂuorescence were measured unless otherwise stated.
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When both ps-OPAs were pumped with the primary laser seed
blocked, approximately 1 nJ of parametric ﬂuorescence was
observed after the Öffner stretcher before injection into the ns-
OPAs. The Öffner stretcher has a ﬁnite spectral acceptance of
1054710 nm with 35% energy transmission efﬁciency and deli-
vers  110 μJ of primary laser seed for the subsequent ampliﬁers.
A cross-correlation of the parametric ﬂuorescence from OPA1
seeding a pumped OPA2 (Fig. 2) yields a 2.1 ps pulse duration of
the parametric ﬂuorescence generated in the ps-OPAs, which
agrees well with Dorrer et al.. [5], who use similar ps-OPA
parameters.
After the short-pulse compressor, using a pair of 1740 lines/mm
gratings matched to the combination of the bulk material and
grating stretchers, the incoherent parametric ﬂuorescence is
expected to have a negligible residual chirp of 0.152 ps2, as it
does not pass through the bulk material stretcher. The transform-
limit of the OPA2 output is 185 fs but gain narrowing from
temporal windowing in the ns-OPAs and spectral narrowing in the
subsequent Nd:Glass gain-storage ampliﬁers produce a ﬁnal com-
pressed pulse duration of 500 fs for multi-terawatt interactions
with targets.
Using only this unseeded parametric ﬂuorescence noise term
from the ps-OPAs, a 1:105 energy ratio and a 4:1 pulse duration
ratio are expected between the ﬂuorescence and the primary laser
pulse after compression. Therefore, in the worst case that para-
metric ﬂuorescence remains unchanged in the strongly seeded
mode of operation, the temporal intensity contrast ratio of the
parametric ﬂuorescence contribution from the ps-OPAs to the
ampliﬁed and compressed primary pulse, as illustrated in Fig. 3,
is expected to be 6106 at 1.1 ps before the peak of the
primary pulse.
Before this time, the ﬂuorescence will be stronger than the
temporal wings of the ampliﬁed short-pulse and will therefore be
a limiting term in applications such as ultrafast, high-intensity
laser–matter interaction experiments.
2.2. Seeded OPA ﬂuorescence diagnostic
The ﬂuorescence produced from an OPA reﬂects the phase-
matched wavelengths and emission directions relative to the
strong pump pulse. A broad phase-matched bandwidth is possible
in the case of degenerate interactions using a few millimetres
of a highly non-linear material such as BBO with a small angle
between the pump and the seed to separate the OPA signal and
the idler. In our setup, this has been measured, as shown in Fig. 4,
by focussing the combined ﬂuorescence from OPA1 and OPA2 that
is emitted in the same direction as the seed into a spectrometer
(OceanOptics USB4000) approximately 1 m downstream from
OPA2. It should be noted that the ﬂuorescence from OPA1 could
not be detected on its own and the removal of the spatial ﬁlter
between the OPA stages had no noticeable effect on the shape of
the ﬂuorescence spectrum. Furthermore, tightening of the spatial
ﬁlter aperture size also had no effect on the ﬂuorescence observed,
indicating that the ﬂuorescence photons observed are collimated
and follow the same path as the primary laser seed. The phase-
matched bandwidth covers 200 nm centred at 1020 nm in the
emission direction of the seed, which is slightly offset relative to
the 1054 nm main laser seed due to the 0.61 non-collinear angle
between the pump and seed pulses [13].
The spectral offset between ﬂuorescence and laser seed for
non-collinear OPA helps to reduce contrast degradation, as any
ﬂuorescence produced outside of the ﬁnal compressor spectral
acceptance window will be ﬁltered out very efﬁciently. The ns-OPA
stretcher and the ﬁnal compressor used here both have a ﬁnite
bandwidth acceptance of 20 nm from 1044 nm to 1064 nm. Thus,
only 12% of the broadband ﬂuorescence energy from the ps-OPAs
will propagate through the system.
The broad ﬂuorescence spectrum produced relative to the
narrowband OPA seed provides the opportunity to spectrally
distinguish the ﬂuorescence emission simultaneously with ampli-
ﬁcation of a strong seed without saturating or damaging the
spectrometer.
In our case, an ideal transform-limited 250 fs Gaussian mode-
locked laser seed pulse centred at 1054 nm will have a relative
spectral intensity of o1090 at wavelengths less than 1 μm i.e.
there are essentially zero laser seed photons at these wavelengths
where the ﬂuorescence emission is strong.
For this implementation, high-reﬂectivity 01 incidence Nd:YAG
laser-line dielectric mirrors (CVI Laser Optics) acted as a spectral
band-stop ﬁlter between 980 nm and 1170 nm, with a high
damage threshold able to withstand the fully ampliﬁed OPA signal.
As these mirrors are also used to transport the pulses in the laser
beamline, the OPA seed will be signiﬁcantly attenuated outside of
this bandwidth acceptance e.g. residual CW/spontaneous emission
from the mode-locked oscillator. This provides further discrimina-
tion between seed and ﬂuorescence wavelengths. The amount of
attenuation expected from a single ﬁlter is of the order 103 and
therefore multiple ﬁlters were stacked in series to sufﬁciently
attenuate the 4105 more intense fully ampliﬁed primary OPA
signal compared to the ﬂuorescence. This optical setup (Fig. 5a)
was positioned approximately 1 m after the second ps-OPA stage
without any mirrors in between to capture the full bandwidth
emission of the ampliﬁers.
Fig. 2. Cross-correlation between the OPA2 pump and parametric ﬂuorescence
generated in OPA1. A 2.1 ps pulse is retrieved after a
ﬃﬃﬃ
2
p
deconvolution factor for
Gaussian pulses is applied.
Fig. 3. Expected unseeded ps-OPA parametric ﬂuorescence of 2.1 ps duration
temporal intensity contrast versus the 500 fs primary laser pulse after the ﬁnal
compressor. Gaussian pulse shapes are assumed for the primary laser pulse and
unseeded ps-OPA ﬂuorescence.
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The photodiode used for retrieval of the absolute ﬂuorescence
energy was ﬁrst calibrated with a power meter against the 70 MHz
seed oscillator pulses without any ﬁltering. The attenuation factor
from the spectral ﬁlter stack was then determined using the
unseeded ﬂuorescence photodiode signal to give a ﬁnal system
calibration. The spectral non-linearity of the photodiode was also
factored into the data analysis.
A key assumption of this characterisation is that changes in the
parametric ﬂuorescence spectral intensity slightly outside of the
seed bandwidth also reﬂect the behaviour of wavelengths over-
lapped within the OPA seed/signal that cannot be directly mea-
sured. As noise photons are uncorrelated and the phase-matching
conditions of the ampliﬁer should not change between unseeded
and seeded operation i.e. the shape of the ﬂuorescence spectrum
in Fig. 4 should not change, we believe this to be a robust
hypothesis.
A critical requirement for this characterisation method is that
the parametric ﬂuorescence bandwidth exceeds the bandwidth of
the main OPA laser seed to allow the use of an edge-pass ﬁlter
stack to attenuate the signiﬁcantly stronger seeded OPA signal.
While this is aided by using a non-collinear geometry to offset the
peak emission wavelength of ﬂuorescence observed, this method
will most likely become more difﬁcult to implement for ultra-
broadband OPCPA systems designed for few-cycle ampliﬁcation. In
such a scheme, the parametric ﬂuorescence may need to be
observed at a different viewing angle to the seed/signal with
optical scatter minimised to allow the weak ﬂuorescence emission
to be resolved.
We acknowledge the work of Tavella et al. [10], who reported a
conceptually similar technique using a dazzler to produce a
spectral hole in the OPA seed and measured the ﬂuorescence
generation at a comparable intensity to the OPA signal. However,
for high dynamic range contrast characterisation, such a device
will need to completely attenuate the seed bandwidth to levels
less than the few tens of photons of the ﬂuorescence seed, which
is unrealistic for any active electro-optic device. The spectral-hole
technique is not able to strongly attenuate the ﬂuorescence
relative to the signal, therefore only low dynamic-range measure-
ments (102) are possible. Measuring the ﬂuorescence outside of
the seed bandwidth, as we demonstrate here, allows far higher-
dynamic range characterisation without the requirement to add an
extra optical setup to completely remove part of the seed band-
width e.g. a dispersive system with a Fourier-plane mask.
3. Seeded ps-OPA ﬂuorescence results and analysis
With a diagnostic able to measure the ﬂuorescence emission
from a seeded OPA operating at full power, it is possible to
examine the parametric ﬂuorescence behaviour when in direct
competition with ampliﬁcation of the primary laser seed.
A common method to rapidly diagnose the potential impact of
ﬂuorescence on the compressed temporal contrast is to measure
the unseeded OPA output and its behaviour as a function of the
pump energy. Fig. 6 shows the unseeded and fully seeded para-
metric ﬂuorescence energy plotted as a function of pump energy.
In both cases the ﬂuorescence generated from the ps-OPAs rises
exponentially with increasing pump energy, though with different
coefﬁcients, which is expected for small signal gain as a function of
pump energy. When the ps-OPA stages are operating in saturation
with 2.05 mJ total pump energy, the unseeded and seeded
ﬂuorescence energies are 8.2 nJ and 100 pJ respectively.
The characterisation of the ﬂuorescence generated in these
ps-OPAs represents a signiﬁcant step towards understanding its
impact on temporal contrast. With such a device, the ﬂuorescence
emission from the OPAs can be quantiﬁed to a higher dynamic
range than with an autocorrelator, as the dynamic range is directly
related to the number of spectral ﬁlters added. The fast acquisition
from the photodiode detector enables optimisation of the para-
meters of the laser that affect the parametric ﬂuorescence
intensity.
Fig. 4. Unseeded parametric ﬂuorescence spectrum emitted in the seed direction
of the ps-OPAs with a 0.61 non-collinear angle. (Red solid line) Instantaneous
ﬂuorescence from a single shot, illustrating the random probabilistic nature of
parametric down-conversion and subsequent ampliﬁcation. (Blue dotted line)
Averaged parametric ﬂuorescence over 21,000 shots, highlighting the broad
phase-matching achieved and the peak wavelength offset of parametric ﬂuores-
cence in non-collinear geometries. In this case the seed is centred at 1054 nm and
the ﬂuorescence at 1020 nm, which acts to improve contrast for narrowband
OPCPA schemes. The spectral non-linearity of the detector has been calibrated to a
known 3100 K blackbody source. (For interpretation of the references to colour in
this ﬁgure caption, the reader is referred to the web version of this paper.)
Fig. 5. (a) Optical layout of the parametric ﬂuorescence diagnostic. Broadband
mirrors (BBM) are used to transport and avoid spectral distortion of the OPA
output. The main ampliﬁed signal is spectrally attenuated using stacked short-pass
ﬁltering. The effectiveness of the ﬁlter stack was determined using a well calibrated
spectrometer before the energy characterisation using a photodiode. A long-pass
ﬁlter was used to block any residual shorter wavelength pump light or weak SHG
generation from the OPA. (b) Experimental data showing the effectiveness of
spectral ﬁltering using two stacked ﬁlters to simultaneously resolve the ﬂuores-
cence and primary ampliﬁed OPA signal spectrum. Additional ﬁlters were inserted
to fully extinguish the OPA signal to characterise the ﬂuorescence from the
seeded OPAs.
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From Fig. 6, the ﬂuorescence is clearly seen to be in competition
with the ampliﬁcation of the primary laser seed. Evidence for the
physical mechanism behind this behaviour is best illustrated in
Fig. 7a, which investigates the total ﬂuorescence from both stages
as a function of the seed energy into the ﬁrst ps-OPA stage.
At low seed levels, the OPA operates in the undepleted pump
regime for seed energies o0:7 pJ (case i). As the residual pump
temporal proﬁle is difﬁcult to retrieve, the amount of pump
depletion was cross-checked against a 1D OPA code previously
used to design the ps-OPA stages [12], which predicts 40:5%
pump depletion at the temporal intensity maxima for seed
energies 41 pJ. The level of pump depletion increases with
greater seed energies (case ii) until the ampliﬁed signal reaches
the maximum saturation point of 335 μJ, i.e. before energy back-
conversion at the temporal intensity centre (case iii). A key point is
that the ﬂuorescence in the undepleted pump regime for a seeded
OPA agrees with the ﬂuorescence generated for the unseeded case
with equal pump energy and therefore it is reasonable to expect
that seed energies less than the range measured are not likely to
change the ﬂuorescence emission characteristics.
For larger seed energies, the greater pump depletion leads to
weaker ﬂuorescence emission, following an inverse power rela-
tionship. In the saturation regime (case iii), there is little change in
net available pump energy and therefore the observed ﬂuores-
cence remains approximately constant. At the saturation point, the
combined ps-OPA stages generate 33575 μJ of signal energy with
11075 pJ ﬂuorescence averaged over 500 shots at 10 Hz repetition
rate. The pump and seed pulse energies both have root mean
square stabilities (RMS) of 1%.
From these measurements, the energy contrast, shown in
Fig. 7b, between the OPA signal and ﬂuorescence improves
considerably by a factor of 500 from 6103 to 3106 with
greater pump depletion, producing a maximum total gain of
2.7105 for the primary laser seed. Increasing the seed energy
Es (i.e. greater pump depletion) has been found to follow a
convenient pE1=
ﬃﬃ
2
p
s relationship in the observed energy contrast.
Due to the 20 nm ﬁnite bandwidth acceptance of the stretcher
and the compressor in the beamline following the ps-OPAs, only
12% of the broadband ﬂuorescence, as shown in Fig. 4, will
propagate through the system. Therefore, the parametric ﬂuores-
cence from the ps-OPAs is estimated to contribute a temporal
intensity contrast of 3109 at 1.3 ps before the peak of the
primary laser pulse after compression, using identical modelling to
that shown in Fig. 3. Pump depletion can therefore be seen as a
highly desirable characteristic in an OPA to maximise the temporal
contrast with respect to parametric ﬂuorescence. This
experimental analysis agrees with numerical modelling of ﬂuor-
escence in pump depletion by Manzoni et al. [14].
3.1. Parametric ﬂuorescence input noise
The semi-classical origin of parametric ﬂuorescence is generally
accepted to be the zero-point ﬂuctuations of the electromagnetic
ﬁeld acting as a seed source for OPA in the non-linear crystal. The
absolute number of background seed photons can be estimated
using the small-signal gain values of the OPA stages in the
undepleted pump regime. This gain value can be extracted from
the experimental data in Fig. 7a, where the undepleted pump
regime exists for very low laser seed energies, and is found to
be 1.370.2108 for the Gaussian temporal and spatial proﬁles of
the pulses. It should be noted that this value ﬁts well with an
analytical value of 2.12108 for the small signal gain using a
plane-wave approximation.
In the undepleted regime, 6.270.5 nJ of ﬂuorescence is
observed directly downstream from the OPA, meaning that
300725 seed photons, or 0.770.1 photons ps1 nm1 were
needed to produce this amount of ﬂuorescence in the OPA process
at these wavelengths.
The absolute level of spontaneous ﬂuorescence seed in an OPA
amplifying a 532 nm CW laser in BBO was determined experi-
mentally by Homann and Riedle to be 7.7 photons ps1 nm1 [15].
This agreed within a factor of 1.4 to a formula adapted from
Fig. 6. Parametric ﬂuorescence energy generated from the ps-OPAs as a function of
the total pump energy for the unseeded ampliﬁer (red circles) and the fully seeded
case (blue triangles). (For interpretation of the references to colour in this ﬁgure
caption, the reader is referred to the web version of this paper.)
Fig. 7. (a) Measured parametric ﬂuorescence (blue triangles) in competition with
the OPA seed (black circles). Three regimes of ampliﬁcation behaviour are
identiﬁed, from (i) the undepleted pump regime, where ﬂuorescence is broadly
similar to the unseeded case, (ii) the onset of pump depletion, where the
ﬂuorescence intensity becomes strongly quenched with less available pump, and
(iii) strong pump depletion, where the pump intensity centre becomes comparable
to them main laser signal, creating a gain saturation effect. (b) Energy contrast
between the ps-OPA signal and ﬂuorescence as a function of the seed energy.
Fluorescence contrast enhancement from the ﬁnite spectral acceptance window of
the compressor has been excluded. (For interpretation of the references to colour in
this ﬁgure caption, the reader is referred to the web version of this paper.)
N.H. Stuart et al. / Optics Communications 336 (2015) 319–325 323
stimulated Raman scattering theory to determine the effective
number of noise seed photons Neff in its parametric ﬂuorescence
analogue in OPA [15]:
Neff ¼
n3Δλcτ
πλ2
ð1Þ
where n is the refractive index of the signal in the non-linear
ampliﬁer medium, λ and Δλ are the central wavelength and the
observable bandwidth of ﬂuorescence produced respectively, c is
the speed of light and τ is the ﬂuorescence pulse duration. It
should be noted that this equation matches very closely with those
reported in [1,8]. When applied our ps-OPA observations of
200 nm bandwidth centred at 1020 nm with 6 ps pump pulses,
Eq. (1) yields a value of 170 photons, or 0.4 photons ps1 nm1,
which agrees within a factor of 1.75 to the experimental determi-
nation of the seed source for our ps-OPA stages. Possible discre-
pancy between the two values may be due to measurement error
of the small signal gain, as the 0.3 pJ seed in the undepleted
regime is more prone to systematic error of the photodiode
calibration with a very weak signal.
3.2. Fluorescence statistics
The ﬂuorescence energies reported above have so far only
considered average values measured over 4500 shots. The shot-
to-shot variation of ﬂuorescence from the OPA stages, shown in
Fig. 8, has been observed to ﬂuctuate signiﬁcantly, with 63% RMS
deviation, compared to the 1% RMS deviation of the OPA pump
and laser seed pulses. This indicates that the large ﬂuorescence
ﬂuctuations observed are an unavoidable consequence of the
exponential photon distribution of the vacuum ﬂuctuations [16].
The observed Poisson-like distribution of the ﬂuorescence energy
supports the case for a randomly ﬂuctuating seed term.
The signiﬁcance of these large ﬂuctuations on experiments
sensitive to the temporal contrast is the relatively small shot-to-
shot probability of the ﬂuorescence contribution to the temporal
contrast increasing to an unacceptably high level. For our ps-OPA
system, there is a 1.5% probability of ﬂuorescence becoming
5 times greater than the mean and a 0.3% chance for a ten-fold
increase in ﬂuorescence on a single shot.
4. Conclusions
We have demonstrated a simple and effective method to
directly characterise the parametric ﬂuorescence emission from a
seeded picosecond-regime OPA system operating at high gain
without requiring additional ampliﬁers or a chirped-pulse com-
pressor to resolve the weak ﬂuorescence signal. This method can
in principle be applied to any OPA system that generates ﬂuores-
cence bandwidth that is not contained in the seed and can be
spectrally ﬁltered to clearly discriminate it from the ampliﬁed
seed light.
We have determined that the seeded OPA ﬂuorescence emis-
sion intensity is directly linked to the pump intensity in the non-
linear crystal and that depletion of the available pump energy
from ampliﬁcation of the primary laser seed greatly reduces the
ﬂuorescence generated. We observed that the ﬂuorescence energy
decreases by a factor of 60 when achieving pump-depletion for
pump pulses ﬁve times longer in duration than the seed, yielding a
contrast enhancement factor of 500 from undepleted to max-
imum pump depletion at the intensity maxima. It is expected that
the ﬂuorescence can be reduced by increasing the seed duration to
further increase pump depletion in the temporal wings of the
pump pulse, improving energy extraction at the cost of bandwidth
ampliﬁcation.
The determination of the laser seeded OPA absolute ﬂuores-
cence energy, bandwidth and pulse duration was sufﬁcient to
determine the contrast limitation it imposes after compression.
When applied to our ps-OPA system, we have estimated the
ﬂuorescence emission from these OPAs after compression that
will contribute a 2.1 ps pedestal with 3109 temporal intensity
contrast 1.3 ps before the peak of the primary laser pulse. In
addition to pump-depletion in the OPAs, blocking the broadband
ﬂuorescence bandwidth outside of the laser bandwidth in the
downstream pulse stretcher and compressor further reduced the
ﬂuorescence intensity and improves the intensity contrast on
target.
Themean absolute level of the incoherent ﬂuorescence seed source
has been experimentally determined to be 0.770.1 photons ps1
nm1. The random intensity ﬂuctuations of the ﬂuorescence seed will
contribute to a population of 1.5% of shots with ﬁve times greater
ﬂuorescence intensity and 0.3% probability of a ten-fold increase in the
mean ﬂuorescence intensity.
Knowledge of this noise source term, its mechanism of ampli-
ﬁcation and intensity ﬂuctuation statistics in a seeded OPA process
will be beneﬁcial in the modelling and assessment of the potential
impact of parametric ﬂuorescence pre-pulse in high-intensity
laser–matter interaction experiments.
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